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The mu1ti-unit recording technique was used 

to study the activity of neuron populations in various 

brain locations in cats during long, natura1 behaviour 

sequences in a free behavioura1 situation. E1ectroen-

cepha10graphic (EEG) records were a1so obtained from 

each recording site. The total mu1ti-unit activity 

1eve1s in many of these areas, inc1uding parts of the 

cortex, thalamus and rcticu1ar formation, tended to co-vary, 

and these variations in tonic activity were associated with 
.. ' 

the observed behavioura1 arousa1 1eve1 of the cat. 

Variations in tonic activity in ether areas (lateral 

genicu1ate nucleus and inferior co11icu1us) were shown 

to be more re1iab1y corre1ated with specifie sensory 

input than with arousa1 1eve1s. Behavioura1 arousa1 

1eve1s appear to be more c10se1y re1ated to tonic neural 

activity in many areas of the brain than to the EEG record. 

The neural bases of specific-center and drive arousa1 

theories of motivation are examined in the 1ight of 

these data. 
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INTRODUCTION 

Theoretica1 treatments of the prob1em of emetiona1 

and motivationa1 mechanisms in psycho1ogy have characteristica1ly 

tended toward two extremes. One tendency is to suggest a 

s~p1ified unid~ensiona1 mechanism, such as Hu11's (1943) 

genera1 drive, Hebb's (1955) drive-arousa1 hypothesis, or 

even, in genera1 terms, Freud's 1ibidinous energy. The 

second approach is the postulation of separate mechanisms to 

dea1 with each emotiona1 or motivational category, such as 

hunger or anger, sexual behaviour or jea1ousy. Mc Douga11 

(1923) proposed t~an instinct governs each such class of 

behaviour. S~i1arly, Morgan, (1943, 1957) postulated a 

number of central motive states each contro11ing a certain 

aspect of motivation--a view which is close1y re1ated to 

Stel1ar's (1954) proposa1 that motivated behaviour is 

contro11ed by pairs of hypothalamic centres, each pair 

approximate1y fi11ing the role of a central motive state. 

This schism remains a central prob1em in understanding 

motivation and, as the above examp1es i11ustrate, transcends 

major divisions in theoretica1 psychology, such as 

physio1ogica1 and non-physio1ogica1 approaches. In this 

introduction, the nature of the problem will be out1ined, 
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and data will be reviewed to indicate common grounds for 

both views. 

General and Specifie Motivationa1 Mechanisms 

Prob1ems are encountered when attempts are made 

to extend either the genera1 or the specifie approach into 

a broad theoretica1 system, and accounts of motivationa1 

phenomena which are more concerned with facts than with 

theoretica1 rigour tend to avoid the prob1em of a theoretica1 

synthesis by treating genera1 and specifie aspects of 

motivation separate1y (e.g. Woodworth and Sch1osberg, 1955; 

Duffy, 1962; Hinde, 1966). The main prob1em encountered by 

MacDouga11's instinct approach, and subsequent1y by Morgan's 

concept of central motive states and Ste11ar's hypotha1amie 

centres theor~was the way in which the number of instincts 

or physio1ogica1 mechanisms pro1iferate as more aspects of 

behaviour are considered, or as a particu1ar aspect is 

ana1ysed in detai1. Morgan (1957) recognizes this prob1em; 

with regard to the mechanisms under1ying food acceptance, 

for instance, he admits that we may have to assume a dozen 

or more hunger drives whieh must be arbitrari1y eombined in 

order to ta1k about hunger in genera1. This proliferation 

of instincts or central motive states, and the necessity 
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for arbitrarily grouping them into behaviourally meaningful 

units,clearly undermines the theoretical power of such 

systems. Moreover, the approach becomes less plausible 

physiologically as increasingly complex aspects of behaviour 

are considered. These theories also fail to make any 

provision for learning and perceptual phenomena, which 

imposes marked limitations on their general psychological 

value. 

Hull (1943) and Hebb (1955) avoided these problems by 

assuming one general drive underlying an intensity dimension 

of motivation, and accounted for qualitative d~fferences in 

motivational states (as between hunger and thirst) in terms 

of perceptual and learning mechanisms. One of the limitations 

of Hull's theory, however, was that his general drive could 

be aroused only by homeostatic imbalances in the body. In 

contrast, Hebb's "drive" could be aroused not only by inter

oceptive stimuli arising from homeostatic imbalances, but 

also by sens ory input per ~, and by particular patterns of 

cortical activity, which were in turn dependent on the past 

experience of the organisme This concept of drive was 

flexible enough to cope with the problem raised by 

motivational phenomena such as exploration (Butler, 1953; 
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Butler and Harlow, 1954) prob1em seeking (Have1ka, 1956) 

and irrationa1 fears (Koh1er, 1925; Me1zack, 1952; Hebb, 

1953) which seemed to have no relation to bodi1y needs. 

The theory had the additiona1 advantage of a plausible 

neural mechanism, based on the discovery of the activating 

action of the reticu1ar formation on the cortex and on 

motor systems (Moruzzi and Magoun, 1949; Schremer, Linds1ey 

and Magoun, 1949). 

One of the major differences between the positions 

of Morgan or Ste11er and Hebb, is the proposed location of 

neural processes subserving qualitative motivationa1 differences. 

Whi1e Ste11ar (1954) regarded the activity of specifie 

10ca1ised hypotha1amic centres as the neural basis of specifie 

motivationa1 tendencies, Hebb re1egated such functions to 

the cortex. The hypotha1amic mechanisms which Ste11ar 

considered to be the we11springs of motivation were demoted 

to the ro1e of motor centres contro11ing the execution of 

such activities as eating and drinking, but were not considered 

to be responsib1e for the arousa1, maintenance or termination 

of such behaviours. A1though this gave Hebb's theory much 

more genera1ity and exp1anatory power as a behavioura1 

the ory , the experimenta1 evidence in support of Ste11ar's 

position cannot be so easi1y dismissed. This e~idence derives 
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mainly from studies of the behavioural effects of electrical 

stimulation or lesions in the hypothalamus. 

It is evident fram early work in this field by 

Hess (summarized in Hess, 1957) that in same instances 

electrical stimulation of theappropriate hypothalamic 

areas does not directly produce stimulus-bound motor 

patterns, but lowers the threshold for the elicitation of 

such patterns by the appropriate stimuli (such as an object 

to attack). More recentwork has shown that animals will 

actively seek out such stimuli, and learn tasks such as 

lever pressing or maze running, in order to reach them. 

Thus, Andersson and Wyrwicka (1957) showed that water

satiated goats, in response to stimulation of the peri

ventricular hypothalamus would climb a flight of steps to 

reach water and drink. Similarly, food-satiated rats will 

learn to press a bar (Coons, Levak and Miller, 1965) or run 

a T-mazé· (Mendelson and Chorover, 1965) to obtain food 

when the lateral hypothalamus is electrically stimulated. 

These experiments demonstrate that states evoked by 

hypothalamic st~lation have much in cammon with normal 

motivational states, and indicate that subcortical mechanisms 

play an important role in motivational processes, much more 

important, at least, than the co-ordination of movements 
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invo1ved in the expression of such states. 

Hebb (1958) has acknow1edged the power of such 

arguments by admitting the p1ausibi1ity of qualitative 

changes within the arousa1 d~ension. In such a system, 

qualitative differences in motivationa1 states wou1d be 

mediated by different patterns of arousa1 originating in 

the brainstem and se1ective1y activating different patterns 

of cortical activity. This system represents a compromise 

with Ste11ar's or Morgan's position in that it shifts sorne 

of the responsibi1ity for qualitative motivationa1 differences 

from diffuse cortical mechanisms onto differentiated sub

cortical structures. It still retains, however, the concept 

of the genera1 effects of arousa1, and the idea that arousa1 

can be supported by sens ory input and by cortico-reticu1ar 

influences. These are the features which Ste11ar's theory 

1acks or treats summari1y. They are necessary if the the ory 

is to have the broad app1icabi1ity to comp1ex motivationa1 

phenomena, such as curiosity and prob1em seeking, which was 

provided by Hebb's drive-arousa1 theory. 

The apparent necessity for compromise does not 

in itse1f indicate what form the compromise shou1d take. 

Nor is it possible to attempt such a task here. Some 

progress toward the formulation of a more inclusive theory, 
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however, may be made by examination of the neural mechanisms 

subserving motivation that are postulated in the two theories, 

for it is here that a point of contact between them is found. 

Physio10gica1 Mechanisms 

In both drive-arousa1 and specifie-center theories, 

changes in motivationa1 state are brought about by changes 

in the average neural discharge rate, or tonie activity, 

of certain subcortica1 structures. In drive-arousa1 theory, 

increases in arousa1 are mediated by increases in the overa11 

firing rate of the reticu1ar formation, projecting diffuse1y 

to the cortex. Simi1ar1y, in Ste11ar's specifie-centre 

formulation, "the amount of motivated behaviour is a direct 

function of the amount of activity in certain excitatory 

centres in the hypothalamus" (1954, p6). It may be noted 

a1so that other theorists suggest mechanisms invo1ving 

tonie excitatory or inhibitory effects of reticu1ar formation 

(Linds1ey, 1951) or 1imbic structures (Douglas and Pribram, 

1966) as a neural basis of motivationa1 and emotiona1 

variables. A simi1ar assumption is imp1ied whenever use 

is made of the idea of one nucleus, or population of ce11s 

exciting or inhibiting another population, with functiona1 

consequences. 
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The attraction of the concept of tonie neural 

activity for motivationa1 theorists derives fram several 

sources. A motivationa1 state, whether it is a genera1 

one 1ike arousa1, or a more specifie one 1ike hunger, 

appears to affect many different motor and perceptua1 

systems, inf1uencing the who1e organisation of behaviour. 

Motivationa1 states a1so have the property of being 

continuous1y variable over a wide range of values. In 

broad terms, such pervasive, graded processes are re1ative1y 

easi1y visua1ised in terms of gradua11y changing tonie 

firing rates of diffuse1y projecting structures. 

Some indirect physiologica1 evidence 1inking 

tonie neural activity to motivationa1 parameters has been 

provided by the success of brain les ion and e1ectrica1 

stimulation techniques inproducing changes in motivationa1 

states. It has been noted above that dramatic a1terations 

in mood, hunger, thirst, sexua1 behaviour, sleep-wakefu1ness 

cycles, and other natura1 behaviour patterns may be 

produced by stimu1ating or destroying specifie brain sites 

(see reviews by Ste11ar (1954) and Grossman, 1967). A1though 

the precise mechanisms mediating such effects are obscure, 

these techniques 1end themse1ves to interpretation in terms 

of diffuse activation (or de-activation) of ce11 popu1ations--



- 9 -

that is, i.n terms of tonie neural activity. The further 

assumption that changes in tonie activity in discrete areas 

also underlie motivational changes in naturally behaving 

animais has, in turn, led to such formulations as Stellar's, 

in which functional effects on behaviour are attributed to 

average cell dis charge rates rather than to patterned 

neural activity within these areas, or to other neural 

parameters. 

While sttmulation or destruction of diencephalic 

centres tends to produce changes in specifie motivational 

states, st~ulation or destruction of midbrain reticular 

sites produces more general effects on cortical and motor 

exc Lt.ability (see review by Lindsley, 1960). Hebb (1955) 

used these results to support the psychological idea of an 

intensity factor in behaviour which operates in at least 

partial independence of factors governing qualitative 

behavioural changes. As in Stellar's interpretation of 

the hypothalamic data, the proposed underlying neural 

mechanism is simply the overall firing rate, or tonie 

neural activity, of the reticular formation. 

Measures of Arousal 

Postulated relationships between the activity of 

the reticular formation and behavioural arousal are based 
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main1y on extrapolation from neurophysio10gica1 studies 

of anesthetized or awake, immobi1ised preparations (referred 

to above), and on some work using e1ectrica1 stimulation or 

1esionsin chronic preparations (French and MBgoun, 1952;Segundb, 

Arana and French, 1955). Studies invo1ving arousa1 in 

natura11y behaving anima1s have re1ied on indirect measures, 

inc1uding autonomic variables such as heart rate or skin 

conductance, and on e1ectroencepha10graphic (EEG) measures. 

Autonomic measures have been used with some success as 

indices of arousa1 or activation 1eve1 (for reviews, see 

MS1mo, 1959, 1962; Duffy, 1962) but have inherent limitations. 

Apart from the prob1em of deciding which measure to accept 

as the "true" indicator of arousa1 when measures diverge, 

autonomic indices give no direct information about the neural 

mechanisms under1ying changes in behavioura1 arousa1 1eve1s. 

The use of such measures is based on the assumption of sorne 

unitary central variab1e--arousa1--which is ref1ected by 

the autonomic index se1ected, but provides no means of 

testing the assumption. 

On the other hand, whi1e EEG waves ref1ect more 

central proces~ they corre1ate poor1y with behavioura1 

arousa1 indices, are difficu1t to quantify or sca1e, and 

hard to interpret physio10gica11y. First1y, behavioura1 
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criteria suggest (and autonomie measures, to some extent, 

provide) a sca1e of arousa1 varying from low in sleepy or 

drowsy states to high in excited states. Whi1e EEG 

genera11y provides a re1iab1e index of the change from 

sleep (or drowsiness) to a1ertness, by changing from large 

slow waves to sma11 fast waves, the measure has very 1itt1e 

discriminative abi1ity within the waking condition. In 

addition, anoma1ous slow waves in active anima1s somet~es 

occur, as during feeding or drinking (Clemente, 1964; Roth, 

Steinman and Clemente, 1967) or in response to the 

administration of atropine (Wik1er, 1952). Second1y, 

the re1ationship between EEG waves and neuronal activity 

is still poor1y understood. Whi1e some studies have 

revea1ed re1ationships between cortical cel1 membrane 

potentia1s and surface EEG waves (Li, Cu11en and Jasper, 

1956; Purpura and Schafer, 1964; Purpura, Schafer and 

MUs grave , 1964; Creutzfe1dt, Watanabe and Lux, 1966) the 

mechanisms generating EEG waves have not yet been fu11y 

exp1ained. Furthe rmore, in a study of free1y moving cats, 

Buchwa1d, Halas and Schram (1966a) fai1ed to find any 

simple re1ationship between EEG waves and mu1ti-unit 

activity recorded from the same e1ectrode. Thus, a1though 

EEG measures provide our main direct 1ink between brain 
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activity on the one hand and behavioura1 arousal on the 

other, its correlation with behaviour is poor, and its 

relation to neuronal activity is obscure. 

None of these measures rea11y bridge the gap 

between behavioura1 measures of arousa1 (or other 

motivationa1 parameters) and the brain mechanisms under1ying 

them. The theories of motivation discussed above, which use 

the concept of tonic activity (or "amount of neural activity"), 

contain imp1icit or exp1icit statements about the re1ation

ship between motivation and average ce11 discharge rates. 

Insofar as they depend on data derived from stimulation 

techniques, such statements invo1ve the assumptions that 

(a) e1ectrica1 stimulation genera11y increases the firing 

rate of ce11 populations in the vicinity of the e1ectrode 

tip, and (b) such increases in particu1ar ce11 populations 

under1ie normal function in unstimulated animaIs. 

Few attempts have been made to examine the latter 

assumption by means of direct recording of ce11 dis charge 

rates. One reason for this is that the recording of action 

potentials in free1y moving anima1s, which can exhibit 

motivationa1 changes, is technica11y difficult. Moreover, 

in order to derive average population dis charge rates from 

recordings of single ce11s, successive recordings of very 
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large samp1es of ce11s is required. Thus discussion of 

single ce11 data usua11y emphasizes parameters such as 

changes in the discharge rates and patterns of individua1 

units, or differences in patterns of activity of ce11s 

within a given population, rather than average population 

discharge rates~ However, increasing use is being made 

of "mu1ti-unit" techniques to obtain more direct measures 

of average population firing rates in restricted areas of 

the brains of unanesthetized anima1s. In addition, measures 

of local metabo1ic changes in the brain may a1so reflect 

overal1 increases or decreases in neuronal discharge rates. 

Studies using these techniques will be discussed be1ow, 

with emphasis on experiments invo1ving motivationa1 

parameters in free1y moving anima1s, (in most cases, cats). 

Measures of Tonie Activity 

The "tonie neural activity" of an area may be 

defined as the total number of action potentia1s occurring 

in that area in a given time. It shou1d be noted that 

tonie activity is a population parameter, and the tonie 

activity of a given population as who1e cou1d, theoretica11y, 

be 1arge1y independent of patterned changes within that 

population. 
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The most direct method of estimating this quantity 

is to use the multiple unit, or mu1ti-unit technique. The 

signal frorn a macroe1ectrode (usua11y fi1tered to pass on1y 

impulses in the frequency range of action potentia1s) is 

rectified and integrated. It is usua11y assumed that the 

~c output of the integrator provides a measure of the dis charge 

rate of the ce11s around the tip of the e1ectrode. The 

reasons for assuming this re1ationship are discussed in 

the appendix. The method was origina11y used in the study 

of periphera1 nerve responses (Beid1er, 1953; Pfaffmann, 

1955) and subsequent1y app1ied to the study of ce11 

population responses within the central nervous system 

(Arduini and Pinneo, 1963; Sch1ag and Ba1vin, 1963). In 

sorne of the studies discussed be10w (Starr and Livingston, 

1963; Ga1en, 1965) a wider pass band is used, so that 10w 

frequency signa1s, (inc1uding conventiona1 EEG frequencies) 

are inc1uded in the integration. 

Attempts have a1so been made to estimate the 

population firing rate by examination of action potentia1s 

recorded frorn single neurons with microe1ectrodes. If a 

single ce11 study inc1udes a sufficient1y large number of 

units, each of which has been monitored under two or more 

conditions (e.g. sleep and wakefu1ness), the rates can be 
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averaged to provide a measure of population firing rates 

under the two conditions. In many studies, the number of 

cells monitored is not large enough to provide a reliable 

extimate of population firing rates; individual cell 

dis charge rates may vary widely, and there may also be 

differences in the pattern and direction of responses in 

neighborouring cells in the same population. Where such 

estimates have been màde, however, the conclusions arrived 

at are generally consistent with the results of multi-unit 

studies. 

The measurement of tonic activity has also becn 

approached indirectly by recording indices of local metabolic 

activity in the brain, on the assumption that localised 

changes in metabolic rate will reflect gross changes in 

the mean firing rates of local neural elements. Measures 

of oxygen tension (Travis and Clark, 1965; Gijsbers and 

Melzack, 1967) and local temperature fluctuations (Hull, 

Buchwald, Dubrovsky and Garcia, 1965; Melzack and Casey, 

1?67; MCElligott and Melzack, 1967) have been obtained in 

chronic preparations. Simultaneous temperature and multi

unit records from the same electrodes have shown close 

correlations between the two measures (McElligott and 

Melzack, 1967; Gijsbers and Melzack, 1967). 
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Mu1ti-Unit Measures and Sens ory Systems 

Integrated mu1ti-unit recordings have been used 

main1y to study the responses of ce11 or fiber populations 

to sensory stimuli. Severa1 aspects of this work e1ucidate 

both the functiona1 significance of population discharge 

rates in genera1, as we11 as the effects of motivationa1 

variables on sensory processes. The technique was first 

used for recording chorda tympani responses to gttsBstory 

stimulation (Beid1er, 1953; Pfaffmann, 1955), and was 

subsequent1y adapted for recording activity from a variety 

of sensory systems and from the central nervous system, in 

anesthetized Qr awake, immobi1ised (Arduini and Pinneo, 

1963) and free1y moving (Starr and Livingston, 1963, Benoit, 

1964, Weber and Buchwa1d, 1965) cat preparations. These 

studies have provided information about the nature of 

olfactory, visua1 and audit ory processes which has not 

been readi1y avai1ab1e using other techniques. They have 

demonstrated that increases in the intensity or frequency 

of stimulation resu1t typica11y in increased average dis charge 

rates not on1y in nerves which innervate receptors direct1y, 

where such effects might be expected, but a1so in more 

central, even cortical, locations. 
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Multi-unit techniques have also been used in 

awake, freely moving cats to study the effects or cell 

populations of prolonged or repeated stimuli. Prolonged 

white noise (Starr and Livingston, 1963) or repeated 

auditory stimuli (Galin, 1965; Buchwald,Halas and Schramm, 

1966b; Podvoll and Goodman, 1967) typically evoke initial 

increases in activity at aIl auditory stations (cochlear 

nucleus, superior olive, inferior colliculu~ medial 

geniculate nucleus and posterior ectosylvian cortex). 

The responses at thalamic and cortical levels are small 

and transient, and disappear after repeated or prolonged 

stimulation; they are replaced in some cases by an evoked 

decrease in activity. In the superior olive and cochlear 

nucleus, the auditory responses are much larger, are 

sustained throughout stimulation, and are not subject 

to habituation during prolonged or repeated stimulation. 

(The susceptibility of the inferior collicul~ to 

habituation differs in these studies). Of particular 

interest here are the additional findings of Buchwald 

et al (1966b) and Galin (1965). After habituation of 

the cortical and thalamic increases in multi-unit activity 

to audit ory stimuli had occurred, foot shock was introduced 

following the sound. After a few trials, the .audit0ry 
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stimulus again was able to evoke increases in the medial 

geniculate and posterior ectosylvian cortex. Buchwald 

~ al.also report that the increases were now sustained 

throughout the stimulus period of 1.5 sec., in contrast 

to the transient responses obtained on initial presentation 

of the tone. 

Compared with the lower auditory relays, the 

higher stations thus have smaller initial responses, which 

habituate rapidly and are markedly affected by motivational 

variables. These properties are in general accord with 

views of the function of these areas established on the 

basis of other techniques (e.g. John and Killam, 1959); 

what is of particular interest here is the ease with which 

these functional relationships are revealed by the multi

unit method. 

These experiments, taken together, support the 

idea that the tonic activity (mean dis charge rate) of 

populations reflects the functional participation of 

these populations in sensory processes. Single cell 

studies have shown that a given cell may increase or 

decrease its discharge rate to a given stimulus. The 

multi-unit studies suggest, however, that these effects 

arenot randomly distributed; rather participation of an 
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area in response to sensory stimuli is most often 

accompanied by an overall increase in discharge rate. 

Sensory physiologists have shown increasing 

interest in this tonic or "background" activity •. This 

interest was directed initially to the extent to which 

such firing might influence the responses of individual 

neurons in a given area (e.g. Granit, 1951). More recently, 

however, greater stress has been given to the functional 

significance of tonic activity itself, both as an important 

experimental parameter, and as a useful conceptual tool 

in model1ing sensory processes (Melzack and Wall, 1965). 

Arousal and Tonic Activity 

The relationship between behavioura1 arousal and 

cell discharge rates in the midbrain reticular formation 

and other are as has been in'!estigated using both single 

unit and multi-unit techniques. Benoit (1964) reported 

integrated multi-unit recordings fram the latera1 

geniculate nucleus and mesencephalic reticular formation 

of a cat during sleep/wakefulness cycles. In both areas, 

leve1s of firing were highest when the cat was active, 

and gradua1ly declined as the cat relaxed, reaching a 

low point in slow sleep. (Jouvet's (1967) usage of the 



- 20 -

terms "slow sleep" and "paradoxical sleep" is followed 

here.) During paradoxical sleep, both areas increased 

their firing rates to levels similar to those in the 

active waking cat. 

Similarly, Podvoll and Goodman (1967) recorded 

integrated multi-unit discharges from many sites in the 

thalamus, reticular formation, caudate nucleus and colliculi 

in chronic cat preparations during different states of arousal. 

They report changes in firing rates in thalamic and midbrain 

reticular areas which follow the observed behavioural 

arousal levels closely. The increase in neural activity 

from slow sleep to the highest arousal levels was of the 

order of 75%, and the i.ntermediate levels, classified as 

"quiet alert" and "drowsy" showed intermediate levels of 

activity in aIl thalamic and reticular are as studied. 

Neural activity in the "drowsy" state was very close to 

levels recorded in slow sleep. These areas also showed 

large increases in dis charge rates during paradoxical 

sleep. Recordings fram the amygdala, hippocampus, caudate 

nucleus, cochlear nucleus and colliculi showed only small 

and inconstant changes in tonic activity during changing 

arousal levels and in paradoxical sleep. In both these 

studies the average discharge rates of cell populations 
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in many areas in the thalamus and reticu1ar formation a11 

fo110wed behavioura1 arousa1 1eve1s c10se1y. This suggests 

that these areas constitute an organised sY$tem, within 

which the tonie neural activity of the separate areas tend 

to vary together. 

The 1iterature on the activity of single neurons 

in free1y-moving preparations genera11y supports the 

conclusions derived from mu1ti-unit studies. Studies 

of single neurons in the cortex (Evarts, 1960, 1961, 1964; 

Evarts, Benta1, Bihari, and Hutten10cher, 1962; Creutzfe1dt 

and Jung, 1961; Verzeano and Negishi, 1961), 1atera1 

genicu1ate nucleus (Bizzi, 1966) and midbrain reticu1ar 

formation (Hutten10cher, 1961; Evarts, 1961) have shown 

that average firing rates of ce11s in these areas tend to 

be high during strong behavioura1 arousa1, and during 

paradoxica1 sleep; and 10w during slow sleep, drowsy 

states, and quiet wakefu1ness. These studies, 1ike the 

mu1ti-unit studies, have a1so revea1ed on1y sma11 or 

insignificant differences in average dis charge rates 

between states of quiet wakefu1ness and slow sleep 

(a1though significant differences in discharge rates 

and patterns of firing of individua1 units, and classes 

of unit, were found). 
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Because "arousa1" is sometimes defined in terms 

of the differences between slow sleep and quiet wakefu1ness, 

these resu1ts are sometimes reported as indicating that 

average ce11 discharge rates do ~ vary with arousa1 1eve1s. 

It shou1d be remembered, therefore, that a wider range of 

behavioura1 arousa1 states is being considered here. Another 

factor has a1so 1ed to a negative interpretation of the 

resu1ts of single ce11 studies. High average rates of 

discharge of reticu1ar formation units during aroused 

behaviour have been interpreted by some writers (e.g. Hutten

locher, 1961) to be due mere1y to increased sensory input 

rather than ref1ecting the activity of specifie arousa1 

systems or mechanisms. Such a cautious interpretation 

may be proper when on1y one ce11 at a time is monitored, 

and when the ce11 samp1e is drawn exc1usive1y from the 

reticu1ar formation whose responsiveness to many sensory 

modes impedes experimenta1 control of sensory factors. 

It is difficu1t, however, to exp1ain the smooth variations 

in tonie activity 1eve1s in the experiments of Benoit (1964) 

and Podvo11 and Goodman (1967) in terms of increased 

sensory input. First1y, the simu1taneous co-variation 

of activity in such areas as the 1atera1 genicu1ate 

nucleus, .media1 genicu1ate nucleus, non-specifie tha1amic 
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nue lei and reticular formation suggests sorne internal 

co-ordination of discharge rates in these areas. The 

"sens ory" explanation would require the rather unlikely 

hypothesis that a1l these areas respond in the same 

manner to all sensory inputs. Increased sensory input 

must play ~ ro1e in the increases in tonie activity 

during arousal. Nevertheless, the co-variation of these 

gradua1 changes at reticular and tha1amic sites, together 

with the fact that arousal-related changes are not recorded 

at such sites as the inferior colliculus,while sensitivity 

to sensory stimuli remains undiminished, (Podvol1 and 

Goodman, 1967) suggests that the arousal-1inked changes 

might be attributed to sorne internal co-ordinating mechanism, 

rather than to sens ory input per~. That thalamic and 

reticular sites ~ reach very high average discharge 

rates without any increased sensory input is evidenced 

by observations that tonie activity in al1 these areas is 

very high during paradoxica1 sleep (Benoit, 1964; Podvol1 

and Goodman, 1967; Bizzi, 1966; Evarts, 1961, 1964). 

Purpose of the Present Study 

During pilot experiments with multi-unit 

recording in freely moving cats, it was observed that 
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activity in the cortex and 1atera1 genicu1ate nucleus 

was increased by any st~u1us which aroused the cat, and 

by any spontaneous increases in behavioura1 activity. 

Decreases in the 1eve1 of mu1ti-unit activity were associated 

with decreases in behavioura1 a1ertness and activity. 

Behavioura1 arousa1 thus appeared to be a major 

variable 1inked with changes in tonie neural activity. 

Any studies using this technique in awake, free1y moving 

preparations, even if more specific functions were the 

principal target of the study, wou1d necessari1y have to 

take this variable into account. The investigation of 

this phenomenon a1so appeared to be ~portant because, 

in spite of the fact that the concept of arousa1 (or 

activation) p1ays an ~ortant ro1e in the theory of 

motivation, emotion and 1earning (Linds1ey, 1961, 1960; 

Hebb, 1955; Ma1mo, 1959, 1962, 1964; Duffy, 1962) there 

is no adequate central measure of its neural corre1ates. 

According1y, a systematic study of the re1ationship between 

mu1ti-unit activity and behavioura1 arousa1 1eve1s was 

initiated. 

The purpose of these experiments, then, was (1) 

to explore the range of degree of variabi1ity of tonie 

firing rates, as determined by the mu1ti-unit method, in 
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various parts of the brain during spontaneous changes in 

behavioural state, including sleep and wakefulness, and 

(2) to investigate the relationship between multi-unit 

and EEG records from these areas, since EEG activity is 

often used as an arousal indicator. 
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METHODS 

Subjects 

E1even cats, each with either 2 or 6 chronica11y 

imp1anted e1ectrodes, were used in a series of recording 

sessions extending over a period of one week to severa1 

months (Table 1). Additiona1 information was obtained from 

5 acute preparations under sodium pentobarbita1 (about 40 

mg/Kg) or urethane (1.5 gm/Kg) anesthesia. 

Surgica1 Procedure 

Cats were anesthetized with 40 mg/Kg sodium pento

barbital (i.p.) and supp1ementary doses were given i.v. or 

direct1y into the heart to maintain moderate anesthetic 

1eve1s. The cat was then p1aced in a Kopf stereotaxie 

instrument and craniotomy was performed to a110w the insertion 

of e1ectrodes. Coordinates were obtained from the atlas of 

Snider and Niemer (1961). Two ai six electrodes were inserted 

into the brain, and, for monopo1ar recording, reference 

e1ectrodes were p1aced in the frontal sinus. The ground 

1ead.was connected to a stain1ess steel sku11 screw. The 

e1ectrodes were 1ed to an ampheno1 hexagonal connector (126-

222), which was fixed to the skul1 with craniop1astic cement. 

The incision was sutured and antibiotics were administered. 

Severa1 days were al10wed for postoperative recovery before 
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recording sessions started. 

Electrodes 

Both bipo1ar and monopo1ar recording e1ectrodes 

were used. Bipo1ar e1ectrodes were made of two 250r-diameter 

strands of formvar-insu1ated stain1ess steel wire, twisted 

together, and bare at the cut ends on1y. Monopo1ar electrodes 

were made by etching 250p stain1ess steel wire to a conica1 

tip, and coating with insu1ating compound No. 741 (National 

Engineering Products, Inc.) to within about 250p of the tip, 

where the diameter was about 100p. 

Electrodes were se1ected with impedences, at 

1KHz, of between 10,000 and 15,000 ohms in 0.9% saline. 

This range gave the best mu1tispike recordings; the e1ectrodes 

were not so sma11 that they cou1d iso1ate one or two ce11s, 

which wou1d thus dominate the integrated record, but were 

sma11 enough so that some units cou1d be identified above 

the background activity. Reference e1ectrodes were of 25~ 

stain1ess steel with severa1 mi11imeters of uncoated tip. 

Recording Equipment 

During recording sessions, the cat was p1aced 

in a large (5'x3'x3') enclosure with one side of glass 

(5'x3') to permit observation of the cat (Fig. 1). The 
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enclosure contained a litter tray, a mat, and was illuminated 

by two 60W lamps mounted at the top of the box and shielded 

so that they did not throw light directly into the laboratory. 

Signals from the cat were led from the amphenol connector 

with a cable made up of eight Microdot low noise cables 

(#250-3804) which passed through a slot in the top of the 

recording enclosure, and was suspended loosely by an elastic 

cord attached to the ceiling of the room, to permit free 

movement of the cat. 

A block diagram of the electrical recording system 

is shown in Fig. 2. Signals from two electrodes were led 

from the cat, via selector switches, to (a) 'a-'ê channels of 

a Grass model 7 polygraph for EEG recording, and (b) the 

high frequency recording equipment. The high frequency 

signals were first amplified using Tektronix Differential 

Amplifiers (type 2A6l). The pass band of the amplifiers 

(using the built-in filters) was set at 600 Hz to 6,000 Hz 

(half amplitude, -20db/decade). The high pass setting at 

600 Hz allows passage of signals in the frequency range of 

action potentials, but blocks EEG and other slow electrical 

activity; the upper eut-off, at 6,000 Hz, reduces the 

possibility of contamination of the records by extraneous 

radio frequency signals. The amplified signals were then 
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1ed to audio and CRT monitors, and averaged by using 

integrating circuits (Fig. 3) modified from Weber and 

Buchwa1d (1965). The d-c output of this circuit is 

proportiona1 to the root-mean-square of a 1,000 Hz sine 

wave input. Its time constant was about 800 msec. The 

output of each integrator was recorded both on a d-c 

channel of the po1ygraph, be10w the EEG record for the 

same e1ectrode, and on a Leeds and Northrup Speedomax 

X1-X2 two channel servo-recorder, with a chart speed of 

one inch per minute. The polygraph chart, running at a 

much higher speed, usua11y 6mm/sec, revea1ed the more 

rapid mu1ti-unit leve1 changes, and permitted detai1ed 

comparison of these records with the EEG waves. The servo

recorder, by virtue of its slower speed and wide chart (12"), 

provided a more convenient display of slower changes in 

mu1ti-unit base1ine 1eve1s. 

The noise 1eve1 of the system, within the pass 

band used, was determined by measuring the d-c output of 

the integrator when (a) neural activity ceased in a 

sacrificed cat, and (b) a 47,000 ohm resistor was substituted 

for the cat. The signa1s from different e1ectrode placements 

exceeded noise 1eve1s by 2/1 to 10/1. Changes as sma11 as 

2% of the d-c output were discriminab1e even from placements 

(norma11y cortical ones) with low signal 1eve1s. The 
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corresponding range of peak-to-peak input signal 1eve1s, 

read from the oscilloscope face, was about 20pv to 80pv. 

Raw (unintegrated) mu1ti-unit signa1s, together 

with the integrated mu1ti-unit activity and EEG signa1s 

were recorded on magnetic tape (using an Ampex SP300 

recorder) in some experiments. These recordings were 

1ater transcribed onto film to permit a c10ser examination 

of the re1ationship between the raw and integrated mu1ti

unit records (Fig. 4 ) • 

Artifact in Mu1ti~unit Records 

With the recording system used here, there was 

virtua11y no prob1em with movement artifact as the cat moved 

about the enclosure. However, two conditions induced artifact 

in the integrated record: (a) when the cat shook its head 

vio1ent1y, and (b) when the cat was chewing or biting 

vigorous1y(during eating or grooming) some muscle artifact 

entered the integrated record. The muscle potentia1s 

appeared on the visua1 monitor as 300-400 Hz waves, and 

were a1so c1ear1y discriminab1e from the sound of action 

potentia1s on the audio monitor. These criteria were used 

to discard data which had been thus contaminated. 

Procedure 

After post-operative recovery, cats were returned 
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to the large colony cage in which they normally lived. 

Before recording sessions started, each cat was introduced 

to the recording procedures by placing it in the testing 

enclosure for two hours or more per day, and received its 

daily meal (a bowl of commercial cat food, and a bowl of 

milk) in the enclosure. 

Recording sessions lasted from l~ to 3 hours. 

The laboratory was illuminated only by reflected light 

from the enclosure, which provided enough working 

illumination for the experimenter, but made it difficult 

for the cat to see, or be distracted by, movements outside 

the enclosure. The hum of the recording equipment masked 

some of the background noise, but louder sounds from other 

parts of the laboratory were audible. A detailed commentary 

on the cat's behaviour throughout the session was recorded 

on tape and transcribed later for comparison with the 

electrical records. 

For the larger part of the recording sessions, the 

cat was left undisturbed. Food and milk were placed in the 

enclosure either before or during the session, which provided 

some control over the behaviour of the cat, since it was 

normally alert and active before the meal, and would groom, 
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test, and often sleep afterwards. 

In the course of such sessions, long samp1es of 

neural activity were obtained from each e1ectrode. It was 

therefore possible to observe the neural activity in the 

course of extended behavioura1 sequences invo1ving play 

and petting, wa1king r01:IDd the enclosure, eating, drinking 

and sleeping, etc. Unavoidab1e noises in the 1aboratory 

and 10ud noises outside the 1aboratory provided many 

unp1anned ~xamp1esof responses of a1erting sttIDu1i. The 

cat was a1so a1erted byintentiona1 noises, or ca11ing 

"puss puss". Another arousing'stiIriulus was the approach 

of experimenter himse1f, as he p1aced food and mi1k bow1s 

in the enclosure, removed the cat at the end of the session, 

or entered the enclosure to stroke the cat. In some 

instances aregu1ar "petting sequence" was used to 

faci1itate comparisonof activity recorded under these 

conditions at different times. The experimenter first 

entered the enclosure, but did not approach the cat for 

30 seconds. The cat was then stroked for one minute, and 

the experimenter th en 1eft. To determine whether the 

activity from particu1ar e1ectrodes was differentia11y 

sensitive to visua1 and auditory stimulation, tones were 

p1ayed, and a f1ash1ight was waved across the cat's field 

of vision, or across its eyes. 
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Histo1ogy 

On termination of testing, each animal was 

deep1y anesthetized, and perfused with 0.9% saline and 

10% formol saline. The brain was removed and kept in 

formol saline for at 1east a week. 40~ corona1 sections 

were eut on a freezing microtome, and stained with Cresyl 

Violet a1one, or Cresyl Violet and Luxo1 Fast Blue. In 

one instance, e1ectrode placements were determined by 

copying the projected image of wet, unstained sections 

direct1y onto photographie paper. Slides i11ustrating 

anterior tha1amic, ventral tegmenta1 and reticu1ar 

placements are shown in Fig. 22. 
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RESULTS 

For a11 structures studied, a record was obtained 

of the continuous ongoing dis charge of ce11s around the tip 

of the e1ectrode. This tonie activity conti~ued throughout 

a11 behavioura1 states in a11 the structures that were 

observed. In unanesthetized anima1s, the 10west average 

neura~ discharge rates recorded from a given e1ectrode 

never fe11 be10w 50% of the highest rate for that placement. 

In one group of e1ectrode placements, large, 10ng-term 

changes in tonie activity were corre1ated with changes 

in observed behavioura1 arousa1 1eve1s. In the other 

areas, specifie sensory input p1ayed a more important 

ro1e in the control of average discharge rates. 

The activity 1eve1s recorded from each imp1anted 

e1ectrode under the same behavioura1 conditions were found 

to be very stable (within 10%) fram day to day and fram 

week to week. The peak-to-peak amplitude of the raw, 

unintegrated mu1ti-unit activity varied fram 20pv to 

80pv in different placements. It is assumed that the 

differences are due to differences in ce11 size, ce11 

density and ce11 discharge rates in the vicinity of the 

e1ectrode, and may a1so have been due part1y to variations 



- 35 -

in eleetrode tip area. Beeause of these differenees at 

eaeh recording site, relative changes provide a more 

meaningful measure than absolute voltage magnitudes. The 

seale on the figures illustrating integrated multi-unit 

records is, therefore, given as a percentage of the total 

signal at the lowest level recorded fram a given electrode 

(in the unanesthetized animal). AlI records shown in the 

Figures, with the exception of Fig. 7, were obtained fram 

monopolar electrodes. The appearance of the raw multi-unit 

data, along with its integrated derivative and EEG activity 

is shown in Fig. 4. 

Relationships Between MUlti-Unit and EEG Reeordings 

The electroencephalogram (EEG), in the frequency 

range of 1-75 Hz, was recorded for the major part of aIl 

testing sessions. Since EEG rhythms have been widely used 

as an arousal measure, particular attention was paid to the 

relationship between EEG and multi-unit levels at the same 

recording site. Simultaneous EEG and multi-unit records 

were examined to determine the extent to which some dimension 

of EEG activity (amplitude or frequency) might be accampanied 

regularly by changes in cell discharge rates. Four conditions 

in which some positive relationship or clear dissociation 

was found are: 

1. Bursting. During high amplitude slow cortical 



- 36 -

EEG waves, the multi-unit activity fram the same electrode 

tended to show a "bursting" pattern in synchrony with the 

EEG waves. This bursting pattern was audible on the audio 

monitor, and sometimes also showed up assmall fluctuations 

in the integrated record (Fig. 5, and Fig. Il, upper trace). 

2. Post reinforcement synchrony. During eating, 

drinking or grooming, cortical and reticular EEG records 

show high amplitude slow (4-8 Hz) waves, which are otherwise 

considered characteristic of a drowsy animal. This 

phenomenon was noted regularly, especially during drinking, 

when the large slow waves would sometimes persist for a 

minute at a time. During such periods, the integrated 

multi-unit activity, though not at a particularly low 

level, was extremely steady. The characteristic appearance 

of the cortical and reticular records under these conditions 

is shown in Figs. 6 and 9a. 

3. Anesthesia. EEG and multi-unit activity 

levels are differentially affected by barbiturate anesthesia. 

Sub-anesthetic doses of sodium pentobarbital, too small to 

reduce the amplitude of EEG activity, cause a marked 

diminution of multi-unit activity in reticular formation 

and cortex. When the anesthetic dose is increased the rate 



- 37 -

of ce11 discharge fa11s we1l be10w the 10west 1eve1 seen 

in the unanesthetized animal, even before the cat is 

c1inica11y anesthetized (Fig. 7). When 1etha1 doses 

of pentobarbita1 are administered to sacrifice the cat, 

the mu1ti-unit may cease a~ost entire1y before the death 

of the cat, whi1e high amplitude EEG waves may still be 

recorded. 

4. EEG synchrony and desynchrony. The 

"desynchronization" of the EEG, which occurs in many 

areas of the brain when a drowsy cat is sudden1y a1erted, 

was often accompanied by an increase in tonie activity at 

the same e1ectrode. Fig. 8 shows such an effect in the 

midbrain and positive reticu1ar formation, thalamus, and 

ventral tegmentum. These effects were a1so recorded from 

cortical e1ectrodes. In some cases, the increases in tonie 

activity may precede the EEG f1attening by as much as a 

second (Fig. 8a). Converse1y, the sudden interruption 

of high frequency EEG activity by slow waves wou1d often 

be accompanied by a decrease in ce11 dis charge rates 

(Fig\ 5, 11). More ofLên, however, these re1ationships 

between EEG and mu1ti-unit recordings were ambiguous or 

absent (Fig. 9). The re1ationship between EEG and mu1ti-
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unit activity during sleep is discussed be1ow. 

Tonic Activity and Behavioura1 Arousa1 

Mu1ti-unit activity 1eve1s recorded fram cortical, 

reticular, mid1ine tha1amic, and ventral tegmenta1 placements 

tended to va~y together. Because variations in their 

activity 1eve1s were c1ose1y corre1ated with behavioura1 

arousa1 1eve1s in the waking cat, they will be referred 

to below as "arousa1-re1ated areas." The re1ationship 

between activity 1eve1s in sensory areas, (the 1atera1 

genicu1ate and inferior co11icu1us) and behavioura1 arousa1 

will be discussed separate1y. 

Arousa1-related areas~ The base1ine 1eve1s of 

tonie activity in the arousa1-re1ated areas were lowest 

during slow sleep. The 1eve1s in a cat sitting quiet1y 

awake were 5-10% above the slow sleep base1ine. During 

moderate states of arousa1, when the cat was wa1king 

around the enclosure, eating or drinking, activity 1eve1s 

were 10-20% above the slow sleep base1ine. In high1y 

aroused states (such as those evoked by the approach of 

the experimenter) the activity in these areas rose by 

20-50%. In paradoxica1 sleep, whi~h will be discussed 

below in more detai1, mu1ti-unit activity in these areas 
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approached very high levels seen otherwise only when the 

cat was highly aroused. These relative levels were 

characteristic of aIl arousal-related areas, and no 

exceptions to this general rule were observed. 

In a cat which is relaxing, and follows a 

behavioural sequence from a highly active state, through 

sitting, crouching, lying down with head up, and finally 

curling up to sleep, the tonic activity of arousal-related 

areas decreases gradually within these behavioural categories. 

The typical tonic activity levels quoted above for given 

behavioural categories can therefore only be approximate, 

and there is considerable overlap fram one stage to another. 

These graduaI declines in tonic activity, which take place 

while the Qvert behaviour of the cat changes very little, 

are illustrated in Figs. 10, 12 and 13. In Figs. 10 and 13 

the cat was lying down throughout the portions of record 

illustrated. In Fig. 10, the baseline activity levels in 

both the cortex and anterior medial thalamus declined 

rapidly at first, and then more slowly, with interruptions, 

during the ten minutes following the disturbance caused by 

the experimenter. In Fig. 13 (lower trace) the rapid decline 

in activity of the reticular formation was accompanied by 

a similar rapid transition fram a behaviourally active phase 
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(inc1uding eating and wa1king round the enclosure) to 

quiet resting and eventua11y, slow sleep. A simi1ar 

dec1ine in the tonic activity of the reticu1ar formation 

during the transition from an active to a quiet re1axed 

phase of activity is seen in Fig. 12 (lower trace, between 

4 min. and 7 min.). 

Simu1taneous recordings fram different pairs 

of e1ectrodes showed that the time course and relative 

size of these slow base1ine 1eve1 changes was stmi1ar in 

a11 arousa1-re1ated areas. Such changes a1ways occurred 

after the cat had been active or attentive to externa1 

stimuli. Thus a1though the slow shifts often occurred 

during periods when no obvious or overt behavioura1 changes 

were observed they neverthe1ess appeared to be re1ated to 

the state of arousa1 of the cat, in the context of the 

behavioura1 sequences described above. 

Increases in the tonic activity of the arousa1-

re1ated areas were usua11y more abrupt than the decreases 

described above. They genera11y corresponded to the 

more sudden increases in behavioura1 a1ertness or activity, 

which occurred spontaneous1y, or in response to externa1 

stimuli. It was observed that the increases in tonie 

activity which fo11owed externa1 stimulation were corre1ated 
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with the response of the cat to the stimuli, and with the· 

nove1ty or "significance" of the stimuli rather than the 

nature of the stimuli as such. Responses in arousa1-re1ated 

areas to a variety of stimuli, as we11:as changes in tonie 

activity associated with spontaneous behaviour are shown 

in Figs. 6, 8, 10, and 13 to 17 • 

. . '. The simi1arity between arousa1 responses. in the 

cortex, midbrain and pontine reticu1ar formation, and 

anteriormedia1 thalamus is i11ustrated by the !'esponses 

to the presence of the experimenter, and to stroking, shown 

in Fig.1S. It is c1ear that the three 1argest increases 

in tonie activity, in a11 areas, occurred in response to 

the entrance and exit of the experimenter, and to the onset 

of the··stroking. 
.... 

Sensory input, or motor activity per ~, 

were nct the significant variables affecting tonie activity 

1eve1s •. 

A1though al1 the arousal-re1ated areas showed 

simi1ar base1ine 1eve1 changes under simi1ar behavioural 

conditions, the patterns of more rapid activity changes 

recorded simu1taneous1y in two arousa1-re1ated areas were 

never identical. The degree of detai1ed simi1arity varied 

with the pair of e1ectrodes se1ected. Simu1taneous 

recordings from two cortical e1ectrodes showed the least 
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difference, even though the e1ectrodes were wide1y spaced 

(Fig. 16). Much greater differences were seen between 

cortical and anterior media1 tha1amic mu1ti-unit records 

(Figs'. 9b, 10 and 11) and between reticu1ar formation and 

ventral tegmentum placements ,(Fig. 17). Such differences 

were most readi1y seen'during the re1atively quiet phases 

of behavioura1 (and tonie) activity, often 'in response to 

low 1eve1 stimuli, or to stimuli to which the cathad 

habituated. These stimuli were be10w the thresbo1d for' 

'producing either behavioura1 arousa1 or large genera1. 

increases in tonie activity (Figs. 9a, 10, 11). 

Tonie ac.tivity in sensory nuc1ei. The .. 1atera1 , 
. . 

genicu1atenucleus and inferior co11icu1us diffe:ted from 

arousal":"related arëas.' ,The se,lective effects 'of visua1 
" ,1 

and audit ory , st'imu,li'on their neural activity were·èasi1y 

demonstrated (Fig~ -t9), and .tonic ~ct'ivi·ty in ~hese are.as 

was found to be 1ess dependen~.onbehavioura1 arousa1 1eve1s. 

Base1ine activity 1eve1s in thesesensory areas 

did not change from quiet waking to slow sleep (Figs. 20, 12). 

A1though these areas tended to show increased activity 

during more aroused behaviour, the pattern of activity was 

quite different from that in the arousa1-re1ated areas 

(Figs. 12, 13). Increased neural activity in the inferior 



- 43 -

co11icu1us during active behavioura1 phases appeared, in 

most cases, to be evoked direct1y by the increased auditory 

input resu1ting from sounds made by the cat itse1f (Fig. 12). 

Tonic activity is not maintained at high baseline levels 

throughout high1y aroused behaviour, as is the case in the 

arousal re1ated areas, buy may return to the slow sleep 

base1ine during such behaviour. The largest increases in 

activity are c1ear1y corre1ated with auditory input. 

Furthermore, if the ears are covered, activity immediate1y 

drops far be10w the slow sleep baseline (Fig. 12). 

It seems 1ike1y that increased activity in the 

1ateral genicu1ate nucleus during aroused behaviour may be 

simi1ar1y due in large measure to the varied visual input 

resu1ting from increased body, head and eye movements. The 

pattern of activity changes in aroused behaviour is 

different from that in the arousa1-re1ated areas. When 

the cat is re1ative1y inactive, and especia11y when the 

eyes are c1osed, the 1atera1 geniculate does not show the 

slow dec1ines in activity during relaxation, or the rapid 

increases in activity accompanying postural adjustments 

and mild1y arousing stimuli seen in the arousa1 1inked 

areas (Fig. 13). 

Specifie sensory input thus appears to be a major 
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factor inf1uencing the tonie activity 1eve1s in the 1atera1 

genicu1ate nucleus and inferior co11icu1us in the re1ative1y 

free behavioura1 situation used in this study. At the same 

time, of course, not a11 the variations in tonie activity in 

these areas 1ieœ attributable to specifie sens ory inputs. 

The bursts of activity in the 1atera1 genicu1ate during 

quiet resting be havi our (with eyes c10sed) and in slow 

sleep (Figs. 13, 20), and the sma11 variations in base1ine 

1eve1 of the inferior co11icu1us during the same behavioura1 

conditions (Figs. 12, 20) both appeared to be independent 

of stimulus changes, as did the activity of these areas 

during paradoxica1 sleep (see be1ow). 

It may be noted a1so that the genera1 appearance 

of the integrated multi-unit record of the 1ateral genicu1ate 

and inferior co11iculus differs from that of the arousa1-

re1ated areas. The 1atera1 genicu1ate in particular, 

during quiet resting or slow sleep, tends to show long 

periods (up to a minute) of extreme1y stable baseline, 

interrupted by bursts of activity lasting a few seconds 

(Figs. 13, 19, 20), an observation never made in the 

arousa1-re1ated areas. 

Sleep 

The variations of the arousa1-related areas are 
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as high1y associated during sleep as they are in the waking 

state. Neural activity is at the 10west 1eve1 during slow 

sleep; variabi1ity of activity is a1so very 10w (Figs. 21,12) 

at this time. During paradoxica1 sleep, ce11 discharge 

rates rise to very high 1eve1s, and intermittent bursts of 

intense activity occur (Fig. 21). The paradoxica1 phase of 

sleep 1asts about 5 to 8 minutes, and during pro10nged periods 

of sleep recurs· at interva1s of about 20 minutes. The 

increase in tonic activity which marks the onset of 

paradoxica1 sleep is not a1ways as abrupt as that shown 

in Fig. 21, and may begin many seconds before the decrease 

in amplitude of EEG which usua11y defines this phase of 

sleep. Mu1ti-unit records a1so revea1 a structure within 

paradoxica1 sleep which is not evident from the EEG record. 

The increase in tonic activity, from the initial slow sleep 

1eve1 to the high base1ine 1eve1 seen in the midd1e portion 

of paradoxica1 sleep, takes place slow1y over two or three 

minutes. The dec1ine at the end of the phase is simi1ar1y 

gradua1. On the fa11ing phase, just before re-entering the 

slow sleep, the cat often awoke brief1y, and this behaviour 

was accompanied by an increase in tonic activity. The 

brief bursts of intense activity which are observed during 

paradoxica1 sleep (Fig. 21) tend to occur simu1taneous1y 
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in arousa1-re1ated areas. They occur very irregu1ar1y 

throughout paradoxica1 sleep, during the rising, steady 

and fa11ing phases. This genera1 description ho1ds for 

a11 arousa1-re1ated areas except the ventral tegmentum from 

which paradoxica1 sleep records were not obtained. 

As mentioned above, base1ine 1eve1s do not 

dec1ine in the 1atera1 genicu1ate nucleus and inferior 

co11icu1us during the transition from quiet waking (with 

eyes c1osed) to slow sleep. Nor does the amplitude of more 

rapid variation decrease, as it does in the arousa1-re1ated 

areas (Fig. 20). 

Both areas, however, show characteristic patterns 

of activity during paradoxica1 sleep. In the 1atera1 

genicu1ate, the irregular bursts of activity which occur 

in slow sleep become more frequent, and increase in amplitude. 

These bursts of activity are much more frequent than those 

that occur in the arousa1 re1ated areas during paradoxical 

sleep. A1though the base1ine activity 1evel of the latera1 

genicu1ate is elevated during paradoxica1 sleep, as in the 

arousa1-re1ated areas, it differs from these areas in that 

quiescent periods, during which the activity drops to the 

slow sleep base1ine, sometimes occur within the paradoxica1 

phase. 
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The inferior co11icu1us base1ine 1eve1 does 

not increase during paradoxica1 sleep (Figs. 20, 12). 

There is a considerable increase in the variabi1ity of 

the record however, which frequent1y takes the form of 

large decreases in activity, a phenomenon not obtained 

in any other recording site. There was a1so sorne evidence 

of a reciproca1 re1ationship with the 1atera1 genicu1ate, 

in that these decreases in the activity of the inferior 

co11icu1us tended to occur simu1taneous1y with the 

1argest increases in 1atera1 genicu1ate activity (Fig. 20). 
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DISCUSSION 

The observation that tonic activity of ce11 

populations in widespread areas of the brain tend to 

vary together confirms and extends the ear1ier findings 

by Benoit (1964) and Podvo1l and Goodman (1967). These 

areas, which have been shown in this study to inc1ude 

portions of the cortex, thalamus and reticu1ar formation, 

show average rates of cel1 discharge that are high1y 

correlated with one another, and with the observed 

behavioural arousa1 1eve1 of the animal. Increases in 

tonic activity in these areas accampany spontaneous or 

stimu1us-evoked behavioural arousa1, whi1e decreases in 

activity occur during periods of relaxation. The high 

degree of inter-correlation of activity among the areas 

1ed to their designation as "arousa1-re1ated areas". 

A1though these areas appear to share a cammon function, 

the y do not necessari1y subserve on1y this function. 

There are a1so marked differences in the pattern of 

changes which are presumab1y re1ated to the more 

specia1ised functional ro1es p1ayed by each of the 

different areas. 

In contrast with the activity observed in the 

arousa1-re1ated areas, the tonic activity 1eve1s in the 



- 49 -

two sens ory areas that were studied were more dependent 

on specifie sens ory input. Increases in activity in the 

lateral geniculate nucleus and the inferior col1iculus 

were produced by visual and auditory stimuli, respectively, 

indicating their more specifie functions in the processing 

of sensory information. It is clear, however, that 

factors other than sens ory input must be responsible 

for variations in the activity of these areas during 

sleep. Inputs from other cerebral areas, in aIl 

probability, also contribute to the patterns of activity 

in the two areas during aroused behaviour. 

The relationships between neuronal discharge 

rates and EEG waves in this study are, in general, 

consistent with those found in recent investigations. 

The observation that desynchronisation of EEG waves was 

sometimes accompanied by, or preceded by increases in 

tonie activity recorded from the same electrode confirms 

similar observations by Schlag and Balvin (1963), who 

found a very high correlation between increases in 

cortical and reticular tonie activity and EEG desychroni

zation at the same electrode site. Such observations 

were common in this study, at thalamic and ventral 

tegmental recording sites, as weIl as at the cortex and 
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reticular formation. More often, however, EEG and tonie 

activity changes were not related in any obvious way, 

and appeared to be independent. MBrked increases in 

tonie activity were observed. while the EEG appeared 

unchanged and, conversely, EEG changes occurred without 

any marked change in the multi~unit record. This finding 

is in accord with the study by Buchwald et al (1966b), 

who found no consistent relationship hetween multi-unit 

and EEG measures. 

On the basis of studies (Li, Cullen and Jasper, 

1956; Purpura and Schafer, 1964; Creutzfeldt, Watanabe 

and Lux, 1966) which show a close'relationship between 

surface cortical EEG waves and cellular membrane 

potentials, one might expect to find close relationships 

between EEG waves and the probability of cell discharge 

(and hence the average firing rate for a whole population). 

However, the relationship between surface EEG waves and 

unit membrane potentials is by no means simple (e.g. 

Morre Il , 1967). The absence of any weIl defined relation

ships in this study (and in that bY,Buchwald et al., 1966b) 

suggest that if any constant correlation does exist between 

population discharge rates and local EEG waves, it is a 

very subtle one. Although it is obvious that changes 
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in EEG patterns, and the marked changes in unit firing 

patterns which sometimes accompany them, must play an 

important ro1e in brain function, it is difficu1t to 

relate these measures in any simple way either to 

population discharge rates, or to behavioura1 arousa1. 

In view, therefore, of the close re1ationship observed 

between average ce11 discharge rates and observed 

behavioura1 arousa1 1eve1s, it is suggested that the 

measurement of tonie activity provides a more re1iab1e 

and discr~inating index of behavioura1 arousa1 1eve1s 

than that provided by the EEG. In addition, such a 

measure may we11 provide more insight into the nature 

of the neural mechanisms subserving arousa1. 

The idea that increases in ce11 discharge 

rates in a11 or part of the brain constitute the neural 

substrate of behavioura1 arousa1 is, of course, not new. 

In the first place, it derives from the simple idea that 

when an animal is more active1y invo1ved in its environ

ment its neurons have to fire more, and when the animal 

rests or sleeps, the neurons have no work to do and can 

stop firing. The discovery that the brain, and even 

receptors, are continuous1y active during sleep as we11 

as waking made any simple forro of this idea impossible 



- 52 -

to support. Nevertheless, sorne support for a modified 

version of the idea was provided by studies of the 

effects of electrical stimulation and lesions in the 

reticular formation initiated by Moruzzi and MBgoun 

(1949). On the basis of this work, together with 

behavioural considerations, Hebb (1955) suggested that 

increased reticular-cortical firing would, by increasing 

the firing rate of cortical cells, bring them into a 

condition of optimal organisation. He proposed, moreover, 

that further increases in cortical activity beyond this 

point would lead to disorganisation of cortical activity, 

and disorganised behaviour. 

Further doubt, however, was cast on even this 

modified versionofa tonie neural substrate for behavioural 

arousal when techniques were developed for monitoring 

single cells in freely moving animaIs. In both cortex 

(Evarts, 1960, 1961, 1964; Creutzfeldt and Jung, 1961; 

Verzeano and Negishi 1961; Evarts et al, 1962) and 

reticular formation, (Evarts, 1961; Hutlenlocher, 1961) 

single cell studies revealed very significant changes 

in the pattern of firing of cells, but only small or 

insignificant changes in the average firing rates when 

the animal awoke or went to sleep. These findings 
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suggested that it might be more profitable to think of 

reticu10-cortica1 interactions in terms of patterns of 

unit activity, rather than the "tonic" effect of average 

dis charge rates. The resu1ts of this study, and those 

of Benoit (1964) and Podvo11 and Goodman (1967), indicate 

that this interpretation of the single ce11 studies is 

inadequatej this is partly because of the prob1ems 

invo1ved in determining average discharge rates from 

unit data, and part1y because, rather surpris ing1y , the 

changes inmnic activity which occur when the animal goes 

to sleep are very sma11. The resu1ts of the present study 

support the finding (in single ce11 studies) that the 

differences in average firing rates in the cortex and 

reticu1ar formation between states of sleep and quiet 

wakefu1ness are sma11. However, it was a1so demonstrated 

that over the rest of the arousa1 continuum, from quiet 

resting to excitement, tonic firing rates do change, by 

as much as 50% of the resting activity 1eve1. 

These large changes during arousa1 are conSistent 

with the original views that the overa11 activity·of the 

reticu1ar formation increases during arousa1--a conception 

which was based on the effects of les ions or e1ectrica1 

stimulation of the reticu1ar formation. The resu1ts of 
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the present study confirm that such changes take place 

in the normal animal. In addition, the faet that 

similar changes were observed simultaneously in the 

cortex lends some support to models in whieh tonie 

aetivity is suggested as a basis for arousal-linked 

change's in cortical organisation, or for the meehanisms 

of cortieo-reticular interactions. 

Parts of the thalamus and ventral tegmentum 

also took part in arousal reaetions, in a manner similar 

to cortical and retieular areas. The evidence in this 

study, taken alone, implieates all these areas equally, 

and no evidenee was seen to indieate that any area played 

a dominant role, or preeeded other areas eonsistently in 

their responses to arousing stimuli. Intervals of less 

than 200 msec (at best) were not discriminable with the 

recording system used, however, and the above finding 

does not imply that the aetivity of the rest of the 

system was not, in fact, preeeded by, and to some extent 

eontrolled by, reticular formation activity, as other 

studies have suggested. 

In addition to the overall eorrelated variations 

in tonie aetivity in the arousal-related areas, marked 

differenees, of various degrees, were seen in different 
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areas. A1though no specifie investigation was made of 

these differenees, it is assumed that they were re1ated 

to funetiona1 differenees between the areas. These 

differenees may be considered in the 1ight of other 

evidence re1ating tonie activity to specifie motivationa1 

funetions. 

Ste11ar (1954) has proposed that particu1ar 

motivationmstates are dependent on the tonie neural 

aetivity in specifie neural centres. It was pointed out 

in the introduction that attempts to extend sueh a view 
., 

into a genera1 theory of motivation meets difficu1ties 

in dea1ing with interactions between different motivationa1 

systems, and with more eomp1ex aspects of mamma1ian 

motivation. It is suggested that sueh difficu1ties 

eneountered by Ste11ar (1954) or by Morgan (1943, 1957) 

as we11 as some of the prob1ems that drive-arousa1 theory 

(Hebb, 1955) has in dea1ing with motivationa1 specificity, 

may be avoided if the "specifie motivationa1 centres" of 

Ste11ar are considered not as separate from, but as part 

of one genera1 arousa1 system. Within this system 

(eomprising, perhaps, parts of, or a11 of, the cortex, 

reticu1ar formation, thalamus and hypothalamus) positive 

and negative feedbaek wou1d, for a given state of behavioura1 
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arousal, maintain the activity levels throughout the 

system within given limits. Within these limits, 

relative variations in levels of activity in different 

areas would mediate qualitàtive differences in motivational 

states. 

One may consider, for example, the pattern of 

activity that would be expected', on the basis of this 

hypothesis, in Stellar's excitatory and inhibitory 

centres for eating, which will be assumed to be the 

lateral and ventromedial hypothalamus, respectively. 

In the satiated condition, the ventromedial area will 

be more active than the lateral hypothalamus. During 

arousal responses not specifically involving hunger 

motivation, the activity of both areas would increase 

equally, so that the relative activity of the two areas 

remains the same, as does the relative activity of these 

areas and other arousal-related areas. In an arousing 

situation in which hunger motivation is involved, 

however, the activity of the latera! hypothalamus will 

increase relative to the ventromedial hypothalamus, and 

relative to the other arousal-related areas (regardless 

of the absolute size of the increase associated with the 

arousal in aIl arousal-related areas). This relative 
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change will bias the who1e system towards food-re1ated 

responses. 

This schema can not on1y accamodate both 

genera1 and specifie aspects of motivation, but a1so 

provides at 1east an e1ementary approach to the 

re1ationship between them. The l~itations of this 

approach are numerous, and will not be discussed here; 

a major virtue of the hypothesis, however, is that it 

is ~ediate1y accessible to further experimentation, 

using the mu1ti-unit recording method. 

Sch1ag and Ba1vin (1963) noted that changes 

in cortical mu1ti-unit activity, whi1e indicating that 

"something was going on" in the area, did not indicate 

what was going on, and they cou1d not assume that an 

increase in ce11 discharge rate necessari1y indicated 

an increases in the "functiona1 performances" of the 

area. The evidence reviewed above has, on the who1e, 

indicated that increases in motivationa1 functions are 

most often accompanied by increases in the tonie activity 

of the areas subserving those functio~ In sens ory 

systems, a1so, it wou1d appear that in genera1 increased 

sensory input, or increased variations in sensory input 

1ead to increases in neural activity in the appropriate 
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sensory areas. This effeet has been demonstrated for 

the visua1 (Arduini and Pinneo, 1963; MeE11igott and 

Me1zaek, 1967) auditory (Starr and Livingston, 1963; 

and Ga1in, 1965; Buehwa1d et al, 1966a) somatosensory 

(Me1zaek and Casey, 1967) and gus ta tory (Beid1er, 1963, 

Pfaffman, 1955) systems. Insofar as it is possible to 

make statements about the funetiona1 corre1ates of 

changes in tonie activity 1eve1s, it thus appears that 

in most eases, whether sensory or motivationa1 factors 

are being considered, inereases in function are accompanied 

by increases in tonie activity. There are exceptions to 

this genera1 ru1e, and how far it ean be carried remains 

to be seen; however, it may we11 be a profitable idea to 

consider in mode11ing brain processes. 

The suggestion that the functiona1 state of a 

neuron population is ref1ected in its 1eve1 of tonie 

activity, and that the tonie output of a given population 

contains significant information does not imp1y that 

information in the same population may not a1so be coded 

and transmitted in other forms. The tonie activity mode1 

is theoretica11y quite compatible with mode1s of neural 

function based on studies of patterns of single ee11 

8ctivity. The fact that patterned changes ean be independent 
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of tonie aetivity changes is most dramatiea11y i11ustrated 

by the widespread changes in cortex and retieu1ar formation 

from "random" to grouped discharges whieh oecur when an 

animal relaxes or goes to sleep. In spite of this genera1 

and spectacu1ar change in patterns of unit aetivity, tonie 

rates change very 1itt1e. 

The kind of information transmission mode1 which 

is suggested by such studies as those of Hube1 and Wiesel 

(1959) is a1so compatible with the tonie activity mode1. 

It is quite possible, for instance, to consider ce11s 

whieh are invo1ved in transmitting high1y specifie 

information on a ce11-to-ce11 basis a1so being simu1taneous1y 

invo1ved in overa11 tonie changes. The average firing rate 

of the ee11s eou1d easi1y change by 10 or 20% without 

necessari1y disturbing the transmission of specifie 

patterned information through the same population (Fig.23). 

The tonie input and output, and the specifie patterned 

input and output of a population may thus be regarded as 

potentia11y independent information channe1s; in addition, 

however, it is a1so possible for interactions between the 

two systems to take place. 
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SUMMARY 

The mu1ti-unit recording technique was used 

to study the activity of neuron populations in various 

brain locations in cats during long, natura1 behaviour 

sequences in a free behavioura1 situation. E1ectroen

cepha10graphic (EEG) records were a1so obtained from 

each recording site. The total mu1ti-unit activity 

leve1s in many of these areas, inc1uding parts of the 

cortex, thalamus and reticu1ar formation, tended to 

co-vary, and these variations in tonic activity were 

associated with the observed behavioura1 arousa1 1eve1 

of the cat. Variations in tonic activity in other areas 

(latera1 genicu1ate nucleus and inferior co11icu1us) were 

shown to be more re1iab1y corre1ated with specific sensory 

input th an with arousa1 1eve1s. Behavioura1 arousa1 

1eve1s appear to be more c10se1y re1ated to tonic neural 

activity in many areas of the brain than to the EEG record. 

The neural bases of specific-center and drive-arousa1 

theories of motivation are examined in the 1ight of 

these data. 
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Table 1. Showing distribution of e1ectrode placements and 

recording periods for each cat. 
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Cat no. 

1 

2 

3 

4 

5 

6 

7 

'8 

9 

10 

11 

Number of 
e1ectrodes 

1 

1 

2 

2 

2 

2 

2 

6 

6 

6 

6 

Number of 
recording 
sessions 

1 

2 

15 

4 

15 

15 

4 

10 

3 

11 

10 
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recording 

(weeks) 

1 
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Figure 1. Top: f100r plan of the testing enclosure. 

Bottom: photograph of an experimenta1 

animal in the enclosure during a testing 

periode 
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Figure 2. Block diagram of the recording system.used in this study. 
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Figure 3. Integrator circuit used in this study, (modified 

fram Weber and Buchwa1d, 1965). 
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Figure 4. Raw multi~unit (upper channel), integrated multi-unit 

(middle channel) and EEG (lower channel) activity from 

the anterior medial thalamus. Note the correspondence 

between the integrated activity level and the vis~ble 

spike envelope~ The three samples are not continuous. 

The middle sample shows an alerting reaction, with a 

sharp increase (off scale) of the integrated multi-unit 

channel and a desynchronisation of the EEG. 
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Figure 5. EEG and integrated mu1ti-unit activity from the posterior 

1atera1 gyrus. Note thesharp decrease in mu1ti-unit 

activity which sometimes accompanied the onset of high 

amplitude s10wEEG w~ves . (see a1so Fig. 11). During the 

two periods of high amplitude slow EEG waves, sma11 ripp1es 

in the integrated record indicate that ce11s in the vicinity 

of the e1ectrode were firing in bursts, in synchrony wifu 

the EEG waves. (The sma11 amplitude of these fluctuatioœ 

is part1y due to the long time constant of the integrator, 

which attenuat~s such rapid changes.) 

• 
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Figure 6. Post-reinforcement synchronisation and arousal 

linked changes. The horizontal bars marked D 

indicate continuous drinking. A portion ot ,the 

polygraph record of EEG and multi-unit activity 

at the end of the first period of drinking is 

shown below the servo-recorder chart. Notethe 

EEG synchrony and the stable multi~unit activ1ty 

'during drinking. The regular fluctuations in 

multi-unit activity during drinking, most 

noticable at the reticular formation electrode, 

with a period of about 2 sec, were 'synchronized 

with lapping movements. After the first period 

of drinking, the cat looked up and licked its 

lips. After the second period, it stood up, 

walked across the enclosure, lay down with head 

up at the first arrow, and remained there for the 

remainder of the period illustrated. The larger 

fluctuations during this period were associated 

either with spontaneous movements or external 

stimuli. For example, at the second arrow, the 

cat turned its head and looked up in response to 

a noise in the room, but did not get up. Note the 

graduaI decrease of baseline levels following these 

increases in multi-unit activity, and the general 

similarity of the two channels. 
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Figure 7. Effects of anesthetic drug on EEG and multi-unit activity in the 

reticular formation. The arrows indicate the administ~ation of 

50 mg/Kg (first arrow) and 75 mg/Kg (second arrow) of sodium 

pentobarbital intraperitoneally. The tonic activity drops very 

rapidly below the normal range after the first administration of 

nembutal, stabilizing after about 20 min. The EEG still shows 

continuous high amplitude activity at this stage, and the animal 

was not clinically anesthetized. The second-injection caused 

the cat to turn and raise its head; the tonic activity in the 

reticular formation was increased by the procedure and returned 

to the previous low point after about three minutes. After this, 

the levelsdropped rapidly toward zero. Note that EEG activity 

it still present when unit activity has almost ceased. 
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Figure 8. Positive correlations between EEG 

"desynchronization" and increases in cell 

discharge rates. The integrated multi-unit 

activity is shown below the EEG for eacA 

electrode. (a) Midbrain reticular format1on 

and anterior thalamus. Solid bar on time 

channel denotes period of noise which alerted 

the cat. Note that the increase in cell 

discharge precedes EEG desynchronization :, 
"1: 1 

by about one second. (b) Pontine 'reti6~la'r 

formation and ventral tegmentum. The cat 

was aroused by experimenter calling "puss 

puss". The EEG and multi-unit changes .. .'tn 
. . :::. 

this case start at about the same time. 
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Figure 9. Absence of clear correlations between multi-

unit and EEG activity. The integrate~ 

multi-unit activity is shown below the EEG 

record for each electrode. (a) Cortex and 

reticular formation. The cat was drinkin,g 

throughout the period illustrated, and" 

• showed the large slow waves typical during 

drinking (see Fig. 6). Marked changes in the 

frequency and amplitude of the EEG were not 

accomp~nied by changes in multi-unit activity • 
. :.-

The small regular fluctuations' of the mùtti-

unit activity, at a rate of about 2 per sec., 

were synchronized with the lapping of milk. 

(b) Anterior Medial thalamus and cortex.,,'The ' 

cat was sitting quietly with eyes closed 

throughout, and did not respond behaviourally 

to the quiet calI by the experimenter (marked 

on the time'channel). Although there are 

changes in multi-unit levels and EEG waves 

in both channels, the relafionship between 

the two is not obvious, as it is in Fig. 8. 

". 
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Figure 10. Integrated mu1ti-unit activity of cortex and anterior media1 

thalamus. The cat was 1ying down throughout.At 0 min., the 

expertmenter entered the enclosure brief1y, which caused a 

large increase in tonic activity in both channe1s. The activity 

then dec1ined gradua11y during the next two minutes, and then 

more slow1y during the subsequent eight minutes. A11 the 1arger 

simu1taneous increases in both channe1s in the remainder of the 

record were re1ated either to spontaneous movements, or to externa1 

stimuli. For examp1e the sharp increase at 3.0 min. occurred 

when the experimenter ca11ed "puss puss" soft1y. Note the sharp 

decreases in thalamus activity during the period of re1ative1y 

quiet cortical activity between 6 and 7 min., 8 and 9 min., and 

at 10 min •. This type of activity occurred during a period of 
1 -. 'II ,',. ,-'. '. • • 

quiet background n0ises to which the cat had been exposed 

repeated1y, and did not respond behavioura11y. The horizontal 

bar marks the ttme from which Fig. 11 is taken. 

• 
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Figure Il. EEG and integrated multi-unit activity in the posterior 

lateral gyrus and anterior medial thalamus, during the 

period corresponding to the black bar in Fig. 10. At 

the dotted line, the cat, which was sitting quietly, 

closed its eyes briefly. At this point in the record, 

slow waves appear at both electrodes and there is a 

sharp dip in the cortical multi-unit record at the same 

time. Note also the small fluctuations in the multi-unit 

record, indicating synchronous cell discharge. 
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Figure 12. lntegrated mu1ti-unit activity fram the inferior co11icu1us (lC) 
and midbrain reticu1ar formation (RF). Note that le aetivity 
tends to f1uctuate about the same base1ine throughout, whi1e the 
RF base1ine 1eve1 varies. These variati,ons are corre1ated with 
the behaviour of the eat. At ttme 0, the cat rose fram a sitting 
position and wa1ked toward the lit ter tray. The record during 
this ttme shows a gradua1 ris~ in RF activity. Between 0 and 
1 min., the cat started pawing at the 1itter in the tray, and 
the le record shews ·incr.ease~ activity in response to the sounds 
thusproduc'ed'. The' increase iri the lC activity at 3 min. is 
a1so in response to pawing sounds. The cat 1ay down at 3.8 min., 
and the lC record returns to its typica1 "quiet waking" or slow 
sleep base1ine 1eve1 J and maintains it up to 16.5 min. During 
this ttme, however"the RF base1ine drops quite rapid1y for 2 min., 
and then more sloW1y unti1 the slow sleep base1ine is reached 
(leve1 at 15.0, min.):. The 1arger brief increasesin RF activity 
during this' peri,od aceOlllpany head movements or postura 1 adjustments. 
Between 16.5 and 18.5 min;, the experimenter entered the enclosure 
and stroked the cat; and the RF activity increases. A1though the 
RF activity is variable during the stroking period, it never 
approaches the slow sleep base1ine. The increase in le activity 
during this period again appeared to be 1arge1y dependent on the 
auditory input, and when the ears of the cat were covered (at 17.0 
and 17.5 min.) activity dropped we11 be10w the resting base1ine. 
Note a1so that after the period of stroking, (20 min. to the end) 
the RF activity remains at a moderate1y high 1eve1, whi1e the lC 
activity has returned rapid1y to its normal base1ine. 
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Figure 13. Integrated multi-unit activity fram the lateral geniculate 
nucleus and reticular formation. At the beginning of the 
record, the cat was lying down, alert, looking around, 
and shifting positions, after a period of activity. At 
2.0 min., it put its head down, and remained in this 
relaxed position for the rest of the record, with eyes 
sometimes open, sametimes closed. The baseline level of 
lateral geniculate activity shows little change during 
this period •. The retieular formation activity, however, 
drops rapidly a~ first, and then more slowly 1Ioward the 
slow sleep baselinE!. At 4.8 min. the cat squeezed its 
eyes closed, and both channels show increased activity. 
At 6.6 min., the cat, which had been lying very quietly, 
shifted its position slightly, but did not open its eyes. 
The large increase in reticular formation activity was 
not reflected in the lateral geniculate channel. The 
polygraph chart for this section of record, marked by 
the horizontal bar, is shown in Fig. 14. The increase 
in reticular formation activity at 12.0 min. was in 
response to a noise in the laboratory, though there was 
no behavioural response. The lower channel leads the 
upper by 6 sec. (one small division) in this figure. 
Note that.the reticular formation gain is higher than 
in other figures. 

• e 
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Figure 14. EEG and mu1ti-unit activity in the 1atera1 genicu1ate 

nucleus and the midbrain reticu1ar formation during 

the period marked by the black bar in Fig. 13. The 

cat was resting and shifted or moved occasiona11y. 

The large increases in reticu1ar formation mu1ti-unit 

.... 
activitywhich accompanied a postura1'shift in the 

. .. .' ":- -. ~"... ~ .. : . 

resting cat is not ref1ected in the 1atera1 genicu1ate 

mu1ti-unit activity (though the EEG shows low amplitude 

fast activity for about 40 second~. 

!. 

e e 
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Figure 15. Integrated mu1ti-unit activity in arousa1-re1ated areas in 
one cat during petting, traced from reduced reproduction of 
original records. (a) Pontine reticu1ar formation, (b)ventra1 
tegmentum, (c) posterior 1atera1 gyrus, (d) and (f), midbrain 
reticu1ar formation (same e1ectrode) and (e) anterior media1 
thalamus. (a) and (b) were recorded s~u1taneous1y, as were 
(b) and (c). At the first marker on each record, the 
exper~en,ter entered the enclosure, at the second mark 
began to stroke the cat gent1y, and at the third mark,one 
minute 1ater, 1eft the enclosure. This cat remained 1ying 
down, though attentive, when the experimenter entered the 
enclosure, and usua11y did not getup to approach the 
exper~enter unti1 the midd1e of the stoking periode Note 
the s~i1arity of a11 channe1s. The entrance and exit of 
the exper~enter evoked large increases in tonie activity 
in arousa1~re1ated areas." The "entrance of the exper~enter, 
which usua11y produced the 1argest increases, was accompanied 
by very 1itt1e increased overt motor activity (no more than 
head turning). Vertical sca1e, 10%. 
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Figure 16. Cortical multi-unit activity. The two 

channels are very similar, but not 

identical. At 0 min., the cat (which 

had been grooming) lay down and remained 

lying down, but quite alert, throughout 

this record. The increases between.·O.dnd 
" .' ~ 

1 min. occurred as the cat played with "its 

paw, and bit playfully at the floor. At 

time 2, the door of the enclosure was 

opened very briefly, and the cat looked 

up and turned its head toward the door. 

AlI the large increases in multi-ml:it, 
" : ',:.': 1.', 

activity had similar behavioural:correlates. 
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Figure 17. Integrated mu1ti-unit activity in the e. 
pontine reticu1ar formation and ventral 

tegmentum during aroused behaviour. From 

the beginning of the record to 1.8 min. 

the cat was sitting down and a1ert. The 

eat subsequent1y oriented toward a series 

of noises in the 1aboratory, and stood up 

at 3.8 min. Each of the large increases 

in mu1ti-unit activity which occurred 

sumu1taneous1y in both channe1s (marked by 

arrows) accompanied orienting responses to 

sourids. These large increases, and the 

slower dec1ine in activity which fo110wed 

them, appeared in both channe1s. There are 
.,: 

considerable differences in the detai1ed . -

variations in mu1ti-unit activity, however. 

These differenees are much greater than the 

differenees between two cortical e1ectrodes 

(see Fig. 16). The 10wer trace is retouched. 

See a1so Fig. 18·which shows the po1ygraph 

record for the period marked by the horizontal 

bar. 
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Figure 18. EEG and mu1ti-unit activity in the pontine reticu1ar 

formation and ventral tegmentum during the period 

marked by the horizontal bar in Fig. 17. Note the 

differences in the mu1ti-unit activity of the two 

channe1s. 
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Figure 19. Increases in mu1ti-unit activity evoked 
in the 1atera1 genicu1ate nucleus and 
inferior co11icu1us by sensory st~u1i. 
Responses to sweeping a f1ashlight across 
the visua1 field and to a 700 Hz tone are 
shown. Immediate and sustained responses 
to visua1 stimuli occur in the 1atera1 
genicu1ate, and to auditory stimuli in the 
inferior co11icu1us. The cat was 1ying 
down, awake, throughout these sequences. 
The background activity on which the 
evoked changes are ~posed is typica1 of 
these areas in a resting or sleeping cat. 
Note the sma11 long 1atency respanse to 
1ight in the inferior co11iculus ,ando::the 
brief bursts of activity in the genicu1ate 
at the onset and termination of the tone. 
Such responses, with different latencies 
and durations, were often seen. The 
transient lateral geniculate response at 
the onset of sound were somet~es correlated 
with orienting movements. Other lateral 
geniculate responses, and the inferior 
colliculus response ta visual st~ulation 
may have reflected changes in sens ory 
input resulting from orienting:omovements, 
or a general arousal effect produced by 
the original st~ulation. ° The effects, 
however, were not reprodueibleoas were the 
specifie sensory responses 0. 
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Figure 20. Multi~unit-àctivity from the lateral geniculate nucleus 
and:. in~erior colliculus during arousal, slow sleep, "and 

" paradox1cal sleep. It is difficult to distinguish quiet 
"resting"from slow;sleep multi-unit activlty in these 
areas. The typical appearance of the geniculate, with 
bursts of activity superimposed on a very quiet back
ground, and the drifting, within a narrow range, of 
the inferior colliculus baseline levels, are similar 
during the quiet resting phase and slow sleep phase. 
These variations in activity of the two areas often 
occurred in the absence of any apparent change in the 
stimulus situation or the behaviour of the cat. During 
paradoxical sleep, the baseline activity in the lateral 
geniculate nucleus is elevated and the bursts of 
incre·ased;activity are more frequent. The inferior 
colliculus shows sharp decreases of activity dûring 
paradoxical sleep; these decreases tend to occur 
simultaneously with bursts of increased activity in 
the geniculate (or in arousal-related areas). 

e e 
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Figure 21. Mu1ti-unit activity in the reticu1ar 
formation during sleep and paradoxica1 
sleep. The EEG samp1es fram the pontine 
(PRF) and midbrain reticu1ar formation 
(MRF) correspond to the 1ettered segments 
of the upper mu1ti-unit record. The cat 
was as1eep throughout the record, except 
for a period of about ten seconds towards 
the end of the paradoxica1 phase, at time 
8.5 min., when the eat raised its head 
and opened its eyes brief1y, and then 
went to sleep again. This behaviour 
was often seen towards the end or at 
the end of a paradoxica1 sleep phase 
(see Fig. 20), and was accampanied, as 
it is here, by large increases in mu1ti
unit activity in arousa1-re1ated areas. 
The EEG fram both e1ectrodes shows the 
fast low-amp1itude activity characteristic 
of paradoxica1 sleep. Note the re1ative1y 
steady mu1ti-unit base1ine activity during 
slow sleep~ the gradua1 rise and fa11 of 
activity at the beginning and end of the 
parâdoxica1 phase, and the irregu1ar bursts 
of very intense activity. During these 
bursts of activity, twitching of the 
extremities, a typica1 occurrence during 
paradoxica1 sleep, was sametimes, but not 
a1ways, observed. 
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Figure 22. Representative sections showing thalamic, 

and reticular formation electrode tracts, 

and the one ventral tegmental placement. 

The arrows show the location of the electrode 

t~. 
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Figure 23. Illustrating possible independence of "tonie" and patterned 

information channels. (a) Hypothetical discharge patterns 

of two cells in response to patterned and tonie inputs. 

The patterned input excites the upper cell and inhibits the 

lower one. This pattern of response may be maintained over 

a wide range of tonie activity levels, which are assumed in 

this case to involve both cells equally. For cell populatioœ 

which respond in this way, one may think of the tonie and 

patterned aspects of their activity as potentially independent 

channels, as repres'Emted in (b). 
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• APPENDIX 

Interpretation of the Integrated Multi-unit Record 

Arduini and Pinneo (1963) argue on theoretical 

grounds that the Mean square or root-mean-square of a 

multi-unit signal is proportional to the number of nerve 

impulses per unit time in the immediate vicinity of the 

electrode tip. They also provide a discussion of the 

results of their studies of the visual system using this 

method, supporting their theoretical argument. Since 

they made the initial assumption, however, that impulses 

within the sampled population occurred randomly, questions 

May be raised concerning the influence on the integrated 

record of changes in neural firing patterns. In other 

studies of integrated activity, either no assumptions 

were made about the origin of the activity (e.g. Starr 

and Livingston, 1963), or it was assumed that the 

integrator output provided a measure of average neural 

discharge rates,(e.g. Buchwald et al, 1966b). That 

this assumption is at least approximately true can be 

verified by inspection of parallel records of raw and 

integrated multi-unit records (Fig. 4). 

Sorne evidence against the idea that the 



• integrated record reflects patterned changes in activity 

is provided by the fact that the change in the patterns 

of unit activity in the cortex and reticular formation 

which occur when an animal goes to sleep are not reflected 

in the integrated multi-unit record. (See Discussion). 


